This paper presents wind tunnel tests on the wake characteristics of a three-blade horizontal axis wind turbine and the wake effect on the performance of a downstream turbine. For a single turbine model, the performance was determined and this was followed by measurement of the wind characteristics including velocities, turbulence intensities, and correlation in the wake flow field. Subsequently, taking two horizontal axis wind turbines in a tandem arrangement into account, their performance was tested and the aerodynamic mechanism was discussed. The results showed that the upstream turbine with blades set at a small pitch angle provided smaller disturbance to the flow, but as the blade turned faster, larger changes in the velocity and the turbulence intensity occurred in its wake due to the more frequent disturbance of the wind turbine. The correlation of wake velocities in the turbine swept area also obviously decreased from the free-stream situation. For the downstream turbine, the output power loss largely depended on the wake characteristics of the upstream turbine, which was closely related to lower wind velocities or higher turbulence intensities. The decrease in correlation of the streamwise velocity within the blade swept area is accompanied by the increased correlation of the tangential velocity, which may be beneficial to the downstream turbine's performance.
Introduction
In the modern era, environmental pollution, climate change, as well as the energy crisis are big challenges for the whole of mankind. Wind energy, as a renewable and clean energy, is one of the most profitable energy sources and has attracted great attention. There are basically two types of wind turbines according to their hub direction, namely, the horizontal axis wind turbine (HAWT) and the vertical axis wind turbine (VAWT). The three-blade horizontal axis turbine, which has a relatively large efficiency, has been widely implemented and the principle of its performance is briefly introduced here. There have been numerous wind tunnel tests, numerical simulations, and field experiments related to research on HAWTs and many remarkable achievements have been made.
The power coefficient is a key index to describe turbine performance and is closely related to the tip speed ratio (TSR). The TSR represents the rotational speed of the turbine to the wind velocity and is affected by the aerodynamic shape of the blades, such as the pitch angle. Many researchers have been trying to optimize the shape of the blade and improve the power coefficient of the HAWT in different ways. Through wind tunnel tests, Xie et al. [1] studied the performance of a pitch-regulated deficit in the wake flow was observed at a TSR of approximately 3. Zhang et al. [20] showed that the near-wake region is characterized by high three-dimensionality, turbulence heterogeneity, and strong flow rotation. Bastankhah and Porté-Agel [21] predicted the wake characteristics of a yawed wind turbine, and the velocity measurement indicated that the wake velocity deficit becomes smaller and the wake deflection increases with the increase in yaw angle. Qian et al. [22] also showed that yaw misalignment has significant influence on the performance of a turbine as well as its wake. Chu and Chiang [23] studied the turbulent effect on wake characteristics and power production of a wind turbine and found that the power loss could be larger than 50%. On the other hand, researchers have been trying to improve the performance of the downstream turbine. Adaramola and Krogstad [24] found that the loss in the maximum power coefficient of the downstream turbine is mainly between 20% and 45%. When the upstream turbine is operated in a yawed inflow condition, the total power output from two wind turbines in a tandem arrangement is increased by about 12%. Considering the effect of a yaw angle as well, Bastankhah and Porté-Agel [25] studied the interaction of a turbulent boundary layer with a wind turbine operating under different TSRs. Talavera and Shu [26] found that the maximum power coefficient of a single turbine could significantly increase from 0.125 under laminar inflow to 0.345 under turbulent inflow. A similar phenomenon was observed for two turbines in a tandem arrangement.
While the aforementioned studies have improved our understanding of the performance and wake characteristics of three-blade horizontal axis turbines, the mechanism of how a turbine's wake affects the performance of another turbine has not yet been fully explored. In addition to a reduction of the wind velocities in the wake, other possible turbulence effects influencing the performance of the downstream turbine are seldom studied. For instance, the possibly altered spatial correlation of wind speeds in the turbine wake would affect the instantaneously available kinetic energy for the downstream turbine. Hence, in this study, wind tunnel tests were carried out to determine the wake characteristics of a three-blade HAWT. In particular, wind velocities, turbulence intensities, and spatial correlation coefficients in the wake with different TSRs were measured and analyzed. The instantaneous flow field behind the turbine was obtained by particle image velocimetry (PIV). The second part of the study focused on the effects of these characteristics on the performance of another downstream turbine.
Wind Tunnel Experiments

Experimetal Setup
Wind tunnel tests were conducted at the CLP Power Wind/Wave Tunnel Facility at the Hong Kong University of Science and Technology. The high-speed test section, which has a cross-section of 3 m wide by 2 m high and a fetch of approximately 28 m, was selected.
The horizontal axis wind turbine (HAWT) models used in the experiments were acquired from Horizon Educational. The wind turbine consisted of three blades at 120 • from each other. The width of the blade chord was 30 mm and the blade profile was designed based on NASA aeronautics, with more details available from the website: www.horizoneducational.com or the authors. The root pitch angle of the blade could be adjusted within a range from 0 • to 45 • . The diameter of the rotor plane D was 360 mm, so the turbine blade swept area was about 0.102 m 2 . The corresponding blockage ratio of the blade swept area to the cross-sectional area of the tunnel was less than 2%. The length of the turbine nacelle was 160 mm and the distance from the hub axis to the tunnel ground was 285 mm. A small electric generator was installed inside the nacelle. According to the direction of incoming flow, the axial, lateral, and vertical directions were defined as x-, y-, and z-axes, respectively, as shown in Figure 1 , and the hub center was set as the origin of the coordinate system.
The wake characteristics of the HAWT model were measured using cobra probes (Turbulent Flow Instrumentation Pty. Ltd., Tallangatta, Australia) and a PIV system. The cobra probe is a multi-hole pressure probe which can measure the three components of turbulent velocity. The sampling frequency was set to 2000 Hz to resolve turbulent fluctuations of wind velocities in the wind tunnel. For PIV measurement, a thin laser sheet was generated from a double-cavity Q-switched Nd:YAG laser (Nano 50-100, Litron, Rugby, UK). The laser sheet illuminated the central vertical (x-z) plane of the turbine wake, in which the fluid velocities were marked with fine seeding particles in an oil mist generated by a high-volume liquid seeding generator (10F03, Dantec Dynamics, Skovlunde, Denmark). Double-frame flow images were captured by a high-speed CMOS camera (SpeedSense, Dantec Dynamics, Skovlunde, Denmark) which had a high sensitivity for the weak scattered light signals. The time interval between the double laser pulses was set to 0.2 ms to fix the initial and final positions of seeding particles in a double image. Wake characteristics were computed from the double images using the adaptive cross-correlation PIV algorithm [27, 28] .
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Performance of a Single HAWT
Wind is the movement of air mass. After passing through a wind turbine, the velocity will drop, and the power captured by the turbine can be expressed as
where is the power coefficient of the turbine; is the air density; is the rotor diameter; and is undisturbed wind velocity at the same height of the hub axis. In the wind tunnel tests, the output voltage was measured to calculate the power generation, and thereby was obtained by Equation (1). describes the turbine performance and is closely related to the TSR determined by Equation (2) and the pitch angle of blade.
where n is the revolution per minute (RPM) of the wind turbine. For a variable-pitch wind turbine, starting and parking can be easily achieved by adjusting the pitch angle, and it can also be used to stabilize the output power above the rated wind speed. The effect of the root pitch angle on the TSR was first studied. The incoming flow was kept unchanged with at 4.4 m/s and a turbulence intensity of approximately 5% at the height of hub axis. Different root pitch angles ranging between 0° and 45° were considered, and the RPM of the wind turbine was measured by a digital laser tachometer. The results are listed in Table 1 . When is small, the blade causes less disturbance to the incoming flow, thus it rotates faster. With an increase in , the flow resistance to the blade increases so decreases, leading to a reduction of the power coefficient. However, the relationship between and is not a linear trend, and is more sensitive to the change of when it is between 7.5° and 22.5° (see Figure 2 ). 
where C p is the power coefficient of the turbine; ρ air is the air density; D is the rotor diameter; and U 0 is undisturbed wind velocity at the same height of the hub axis.
In the wind tunnel tests, the output voltage was measured to calculate the power generation, and thereby C p was obtained by Equation (1) . C p describes the turbine performance and is closely related to the TSR determined by Equation (2) and the pitch angle of blade.
where n is the revolution per minute (RPM) of the wind turbine. For a variable-pitch wind turbine, starting and parking can be easily achieved by adjusting the pitch angle, and it can also be used to stabilize the output power above the rated wind speed. The effect of the root pitch angle β on the TSR λ was first studied. The incoming flow was kept unchanged with U 0 at 4.4 m/s and a turbulence intensity of approximately 5% at the height of hub axis. Different root pitch angles ranging between 0 • and 45 • were considered, and the RPM of the wind turbine was measured by a digital laser tachometer. The results are listed in Table 1 . When β is small, the blade causes less disturbance to the incoming flow, thus it rotates faster. With an increase in β, the flow resistance to the blade increases so λ decreases, leading to a reduction of the power coefficient. However, the relationship between λ and β is not a linear trend, and λ is more sensitive to the change of β when it is between 7.5 • and 22.5 • (see Figure 2 ). Subsequently, the root pitch angles of 7.5 • , 15 • , and 22.5 • were selected for further testing, where the wind velocity U 0 varied between 2 m/s and 10 m/s. For a more convenient comparison, the power coefficients of the wind turbine with different root pitch angles and different wind velocities are normalized by the maximum value. Figure 2 shows the relationship among RPM, λ, and the normalized power coefficient C p . For a fixed blade angle, both the RPM and the TSR of the wind turbine increase with increasing wind velocity. The RPM of the wind turbine increases with a TSR at a faster rate when the TSR is larger than its optimum value. With the increase in λ, the normalized power coefficient C p first increases rapidly to reach a peak value at an optimum value, beyond which C p decreases gradually with the RPM. Subsequently, the root pitch angles of 7.5°, 15°, and 22.5° were selected for further testing, where the wind velocity varied between 2 m/s and 10 m/s. For a more convenient comparison, the power coefficients of the wind turbine with different root pitch angles and different wind velocities are normalized by the maximum value. Figure 2 shows the relationship among RPM, , and the normalized power coefficient . For a fixed blade angle, both the RPM and the TSR of the wind turbine increase with increasing wind velocity. The RPM of the wind turbine increases with a TSR at a faster rate when the TSR is larger than its optimum value. With the increase in , the normalized power coefficient first increases rapidly to reach a peak value at an optimum value, beyond which decreases gradually with the RPM. 
Wake Characteristics of a Single HAWT
In this section, three root-pitch angles were used in the wind tunnel tests, i.e., 7.5°, 15°, and 22.5° among which the turbine performance changed significantly. The wind velocity of the incoming flow ( ) was fixed at 4.4 m/s, and the corresponding TSRs of the wind turbine with the three root-pitch angles were 3.5, 2.5, and 1.8, respectively. It should be noted that the Reynolds number for the turbines in the experiments was 8.8 × 10 3 , which was much smaller than those in most commercial wind tunnel installations. Even though the Reynolds number effect should be significant, as discussed in Section 1, the primary wake characteristics behind the turbine may be reproduced with less inaccuracy at relatively low Reynolds numbers [18, 20] .
Wake Recovery
Three-component flow velocities in the wake of the turbine were measured by a cobra probe, which could resolve the turbulent part of the velocity signals. For each measurement position, the velocity was measured at a rate of 2000 Hz for a sampling time of 60 s. The characteristic time scale of the flow past the turbine ( / ) was about 0.08 s, so that the sampling time was sufficient to obtain statistically stable measurements. The measurement was taken within a region from 0.5 D to 12 D in the horizontal direction (x-direction, as shown in Figure 1 ) and from the tunnel floor level to 1.5 D in the vertical direction (z-direction). The streamwise velocity averaged over the sampling time at a point in the turbine wake was named . Along the hub axis, the change in the ratio of to is shown in Figure 3a . At the axial stations of X/D = 2, 4, 6, 8, and 10, the change in the ratio of to along the z-direction is shown in Figure 3a as well. The streamwise turbulence velocity was computed from the standard deviation of the turbulent part of the streamwise 
Wake Characteristics of a Single HAWT
In this section, three root-pitch angles were used in the wind tunnel tests, i.e., 7.5 • , 15 • , and 22.5 • among which the turbine performance changed significantly. The wind velocity of the incoming flow (U 0 ) was fixed at 4.4 m/s, and the corresponding TSRs of the wind turbine with the three root-pitch angles were 3.5, 2.5, and 1.8, respectively. It should be noted that the Reynolds number for the turbines in the experiments was 8.8 × 10 3 , which was much smaller than those in most commercial wind tunnel installations. Even though the Reynolds number effect should be significant, as discussed in Section 1, the primary wake characteristics behind the turbine may be reproduced with less inaccuracy at relatively low Reynolds numbers [18, 20] .
Wake Recovery
Three-component flow velocities in the wake of the turbine were measured by a cobra probe, which could resolve the turbulent part of the velocity signals. For each measurement position, the velocity was measured at a rate of 2000 Hz for a sampling time of 60 s. The characteristic time scale of the flow past the turbine (D/U 0 ) was about 0.08 s, so that the sampling time was sufficient to obtain statistically stable measurements. The measurement was taken within a region from 0.5 D to 12 D in the horizontal direction (x-direction, as shown in Figure 1 ) and from the tunnel floor level to 1.5 D in the vertical direction (z-direction). The streamwise velocity averaged over the sampling time at a point in the turbine wake was named U x . Along the hub axis, the change in the ratio of U x to U 0 is shown in Figure 3a . At the axial stations of X/D = 2, 4, 6, 8, and 10, the change in the ratio of U x to U 0 along the z-direction is shown in Figure 3a as well. The streamwise turbulence velocity u x was computed from the standard deviation of the turbulent part of the streamwise velocity signal, from which the streamwise turbulence intensity I x was calculated by Equation (3), shown in Figure 3b .
where T is the measurement time; N is the total number of a sample at a certain measurement position; and U x (t) is the instantaneous streamwise velocity at a certain time.
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where T is the measurement time; N is the total number of a sample at a certain measurement position; and ( ) is the instantaneous streamwise velocity at a certain time. The results in Figure 3 show that, after passing through the turbine, the velocity of incoming flow decreased but the turbulence intensity increased. A small pitch angle produced smaller disturbances to the flow, but the blade turned faster, leading to larger changes in the wind velocities and turbulence intensities in the wake due to the more frequent disturbances of the wind turbine. As a result, the decreasing range of wake velocities and the increasing range of turbulence intensities were both the largest for the TSR of λ = 3.5, which was obtained with β = 7.5 • . At this situation, the wind velocity in the wake decreased first and then recovered slowly with the increase in X/D. The turbulence intensity showed an increasing trend when X/D was less than 4, and then it decreased. It is important to note that even when the downstream distance increased to X/D = 12, the wake velocity U x /U 0 only recovered to 0.83 and the turbulence intensity was still obviously larger than that of the incoming flow. At the smaller TSRs of 2.5 and 1.8, the variations of the wind velocity and the turbulence intensity with X/D show monotonically increasing and decreasing trends, respectively. The rotation of the blades became slower with the increase in β to 15 • and 22.5 • . Therefore, the turbine absorbed less energy from winds and exerted smaller effects on its wake. Wind velocities and turbulence intensities in the wake were less affected, and they recovered faster as well, as compared to the case for β = 7.5 • . At the position of X/D = 12, the wind velocity was slightly smaller than that of the incoming flow and the turbulence intensity was slightly larger.
In the transverse vertical (y-z) plane, the wake effect generated by the wind turbine within its swept area is obvious from Figure 3 . The wake effect on the wind velocity was the greatest around the hub axis, while the wake effect on the turbulent intensity was obvious near the blade tip, especially for the upper side. Both the effects decreased progressively when going radially outwards. With the increase in X/D, the decreasing range of the wind velocity and the increasing range of the turbulent intensity became small, but the flow field affected by the wind turbine became broader due to the growth of the wake width. Compared with the region above the hub axis, the wake below the turbine hub had smaller velocities with larger turbulent intensity due to the presence of the ground.
The mean flow field of the turbine wake on the central x-z plane (y = 0) through the turbine hub was also measured by PIV. Considering the fact that the measurement area of the PIV camera was only 390 mm in length and 255 mm in height, the root pitch angle was set as 45 • because the wake of the turbine with this lower TSR could recover faster. The results are shown in Figure 4 .
In Figure 4 , the PIV measurement was made at four measurement areas and the measurement data were combined to obtain the flow field in an investigation region covering an axial distance from 0D to 1.8D along X direction and a vertical distance from −0.7D to 0.6D along z-direction. Figure 4a shows the contour map of U x /U 0 and Figure 4b shows the contour map of I x . Compared to the results with larger TSRs (see Figure 3 ), the wake fields of the turbine with the smaller TSR show similar features in that the U x /U 0 decreases behind the turbine hub and is accompanied by increased I x but with a shorter distance for wake recovery. In Figure 4a , the contour lines indicate that the largest wake velocity deficit originated from the turbine nacelle and the region of velocity deficit extended farthest around the hub axis. In the region above the hub axis, the separation among adjacent contour lines increased with the increase in distance from the hub. However, the recovery rate became smaller as the wake recovered and the velocity increased. In the region below the hub axis, the velocity deficit was more significant due to the ground roughness and the disruption of the supporting pole. In Figure 4b , I x was relatively large behind the turbine hub but it recovered quite fast. In addition, large turbulence intensities were also observed on going nearer to the ground surface. Very large values of I x were found in a region behind the supporting pole, but there appeared to be some PIV measurement errors here due to the poor lighting problem. Energies 2019, 12, x FOR PEER REVIEW 8 of 18 Figure 4c shows the contour map of / where is the mean vertical velocity. Compared with the streamwise velocities, the were very small implying that the air flow remained approximately horizontal in the turbine wake. There was no obvious pattern in the contour map, but in most of the study area, was negative, i.e., downwards, but near to the ground surface it was positive. Within the zone just behind the turbine and beneath the hub axis, the downward vertical velocity was relatively large, which was also the zone where the streamwise velocity deficit was also the largest. Figure 4d shows the contour map of the normalized turbulent kinetic energy which was obtained from the planar PIV data as 0.5 × + and then normalized by , where is the vertical turbulent velocity. Although not shown, the contour map of had a similar distribution pattern as , but of slightly smaller values. It can be seen in Figure 4d that high turbulent energy was found behind the supporting pole and near the ground, while the region behind the turbine hub had lower energy. This may be due to the more streamlined flow over the turbine hub.
Wake Correlation
One focus of this paper was to understand the change in spatial correlation of the fluctuating wind speeds in the turbine wake and whether this would affect the performance of the downstream turbine. For this purpose, two cobra probes were used for measuring the wind velocities simultaneously at two positions in the wake. One was placed at a fixed position, that is, the reference position p, and the other was moved along y-or z-direction, that is, the measurement position m. The sampling time was also set to 60 s with a sampling frequency of 2000 Hz. Two sets of correlation measurements were made, with the reference position was placed at a position downstream of the hub axis or the blade tip, as shown in Figure 5 . The correlation coefficient with respect to the two positions was calculated by: Figure 4c shows the contour map of U z /U 0 where U z is the mean vertical velocity. Compared with the streamwise velocities, the U z were very small implying that the air flow remained approximately horizontal in the turbine wake. There was no obvious pattern in the contour map, but in most of the study area, U z was negative, i.e., downwards, but near to the ground surface it was positive. Within the zone just behind the turbine and beneath the hub axis, the downward vertical velocity was relatively large, which was also the zone where the streamwise velocity deficit was also the largest. Figure 4d shows the contour map of the normalized turbulent kinetic energy which was obtained from the planar PIV data as 0.5 × u x 2 + u z 2 and then normalized by U 2 0 , where u z is the vertical turbulent velocity. Although not shown, the contour map of u z had a similar distribution pattern as u x , but of slightly smaller values. It can be seen in Figure 4d that high turbulent energy was found behind the supporting pole and near the ground, while the region behind the turbine hub had lower energy. This may be due to the more streamlined flow over the turbine hub.
One focus of this paper was to understand the change in spatial correlation of the fluctuating wind speeds in the turbine wake and whether this would affect the performance of the downstream turbine. For this purpose, two cobra probes were used for measuring the wind velocities simultaneously at two positions in the wake. One was placed at a fixed position, that is, the reference position p, and the other was moved along yor z-direction, that is, the measurement position m. The sampling time was also set to 60 s with a sampling frequency of 2000 Hz. Two sets of correlation measurements were made, with the reference position was placed at a position downstream of the hub axis or the blade tip, as shown in Figure 5 . The correlation coefficient with respect to the two positions was calculated by:
where ρ ranging from −1 to 1 is the correlation coefficient between time histories of the two fluctuating wind velocities at positions m and p; σ m and σ p are the standard deviations of the two histories; and Cov(m, p) is their co-variance during the sampling time of 60 s. 
where ranging from −1 to 1 is the correlation coefficient between time histories of the two fluctuating wind velocities at positions m and p;
and are the standard deviations of the two histories; and ( , ) is their co-variance during the sampling time of 60 s. Taking the hub axis as the reference position first (y = 0, z = 0), Figure 6 shows the correlation coefficient between the streamwise velocity at the wake centre and the streamwise velocity at a radial position along y-and z-directions, respectively. Measurements were made at different values of X/D ranging from 0 to 10. It can be seen from Figure 6 that the variations of along the two directions show similar trends. The turbine captures energy from the incoming flow and disturbs it, changing the spatial correlation of velocity fluctuations in the wake flow. The correlation coefficient at X/D = 0 reflects the characteristics of undisturbed incoming flow and this baseline curve is shown in all parts of Figure 6 for comparison.
In the central zone of the blade swept area, the correlation coefficient decreases largely from the free field value at X/D = 0. This may be due to the impedance of the turbine nacelle to the wind flow. The decreased spatial velocity correlation recovered at slightly different rates among the different TSRs, especially when X was not larger than 4D. The faster the rotation, the more the decreased correlation coefficient recovers, and this may be caused by the hub vortex rotating with the turbine and increasing the velocity correlation. With the increase in Z/D, the correlation coefficients of the three cases were close to one another, and the effect from the turbine rotation speed reversed when Z/D was higher than a critical value marked as the reverse point in Figure 6a . This means that at a large radial separation, a faster turbine rotational speed causes a larger decrease in the correlation coefficient. This may be attributed to the stronger impedance of the turbine blades at higher rotational speeds. This critical radial separation to the hub axis moves outwards with the increase in X. More concretely, the separation was observed at Z/D = 0.23 when X was equal to 2D while Z/D = 0.60 when X increased to 8D. The correlation characteristics were still affected to some degrees at X/D = 10. However, it is expected that at a sufficiently far downstream distance from the wind turbine, the wake effect will eventually die down and the correlation coefficients will return to those of the undisturbed incoming flow. In addition, a faster turbine rotational speed leads to stronger tip vortices with more correlated characteristics, but these vortices would diffuse outwards and have less influence on the inner zone of the blade swept area. Taking the hub axis as the reference position first (y = 0, z = 0), Figure 6 shows the correlation coefficient ρ between the streamwise velocity at the wake centre and the streamwise velocity at a radial position along yand z-directions, respectively. Measurements were made at different values of X/D ranging from 0 to 10. It can be seen from Figure 6 that the variations of ρ along the two directions show similar trends. The turbine captures energy from the incoming flow and disturbs it, changing the spatial correlation of velocity fluctuations in the wake flow. The correlation coefficient at X/D = 0 reflects the characteristics of undisturbed incoming flow and this baseline curve is shown in all parts of Figure 6 for comparison.
In the central zone of the blade swept area, the correlation coefficient decreases largely from the free field value at X/D = 0. This may be due to the impedance of the turbine nacelle to the wind flow. The decreased spatial velocity correlation recovered at slightly different rates among the different TSRs, especially when X was not larger than 4D. The faster the rotation, the more the decreased correlation coefficient recovers, and this may be caused by the hub vortex rotating with the turbine and increasing the velocity correlation. With the increase in Z/D, the correlation coefficients of the three cases were close to one another, and the effect from the turbine rotation speed reversed when Z/D was higher than a critical value marked as the reverse point in Figure 6a . This means that at a large radial separation, a faster turbine rotational speed causes a larger decrease in the correlation coefficient. This may be attributed to the stronger impedance of the turbine blades at higher rotational speeds. This critical radial separation to the hub axis moves outwards with the increase in X. More concretely, the separation was observed at Z/D = 0.23 when X was equal to 2D while Z/D = 0.60 when X increased to 8D. The correlation characteristics were still affected to some degrees at X/D = 10. However, it is expected that at a sufficiently far downstream distance from the wind turbine, the wake effect will eventually die down and the correlation coefficients will return to those of the undisturbed incoming flow. In addition, a faster turbine rotational speed leads to stronger tip vortices with more correlated characteristics, but these vortices would diffuse outwards and have less influence on the inner zone of the blade swept area. For a more direct comparison, the total correlation coefficient representing the spatial correlation of a circular area to its center, i.e., the reference position p, is defined as
where is the correlation coefficient between the reference position and a point related to a very small area around it; is equal to /4 as the blade swept area is selected, as shown in Figure 7 . Here, the total correlation coefficient ̅ is approximated by the average of the correlation coefficients at a number of measurement points, say, points 1, 2, 3, and 4, along four radial lines (see Figure 7 ). Velocity fluctuations at points 1, 2, and 3 were measured in the wind tunnel tests and their correlation coefficients to the center are shown in Figure 6 , while the value at point 4 was assumed to be same as that at point 2. The approximate total correlation coefficients ̅ within the blade swept area at different streamwise locations were computed and are listed in Table 2 . It can be seen that the ̅ of the undisturbed incoming flow was 0.232 at X/D = 0. After passing through the wind turbine, ̅ decreased significantly. The decrease in ̅ ranged from 70.8% to 75.6% for = 1.8, 2.5 and 3.5 at X/D = 2. With the recovery of the wake characteristics along the x-direction, ̅ increased gradually. However, the decrease in ̅ remained a high value at X/D = 10, with an average value of approximately 41.3%. For a more direct comparison, the total correlation coefficient representing the spatial correlation of a circular area to its center, i.e., the reference position p, is defined as
where ρ is the correlation coefficient between the reference position p and a point related to a very small area dA around it; A is equal to πD 2 /4 as the blade swept area is selected, as shown in Figure 7 .
Here, the total correlation coefficient ρ A is approximated by the average of the correlation coefficients at a number of measurement points, say, points 1, 2, 3, and 4, along four radial lines (see Figure 7 ). Velocity fluctuations at points 1, 2, and 3 were measured in the wind tunnel tests and their correlation coefficients to the center are shown in Figure 6 , while the value at point 4 was assumed to be same as that at point 2. The approximate total correlation coefficients ρ A within the blade swept area at different streamwise locations were computed and are listed in Table 2 . It can be seen that the ρ A of the undisturbed incoming flow was 0.232 at X/D = 0. After passing through the wind turbine, ρ A decreased significantly. The decrease in ρ A ranged from 70.8% to 75.6% for λ = 1.8, 2.5 and 3.5 at X/D = 2.
With the recovery of the wake characteristics along the x-direction, ρ A increased gradually. However, the decrease in ρ A remained a high value at X/D = 10, with an average value of approximately 41.3%. In the other set of correlation measurements, the reference position p was located at one side location downstream of the blade tip (Y = − 0.5D, Z = 0, see Figure 5 ), while the other position m was placed at different locations along the same horizontal line from one side to the other side of the blade tip. Measurements were made at different values of X/D ranging from 0 to 4 within which the changes in wake characteristics were more significant. As shown in Figure 8 , the correlation curves in all cases dropped almost monotonically with the increasing separation between the two points. In the turbine wake, the correlation coefficients became lower than that in the freestream flow, especially at small separation distances. Near the turbine (X/D = 1), it was observed that the faster the turbine rotation, the smaller the correlation coefficient became, as explained above. With the increase in X/D, this phenomenon gradually disappears. Among the three cases, the decreasing range of the correlation coefficient was the maximum for = 3.5, while the recovery for this case was also the fastest. In addition, at the other side of the reference position, small negative correlation coefficients may occur (e.g., X = 3, 4D and Y = 0.1~0.5D). The negative correlation implies that wind velocity fluctuations at the two positions were out of phase, and this may be due to the three-blade geometry and the strong tip vortex when the turbine rotational speed was large enough. In the other set of correlation measurements, the reference position p was located at one side location downstream of the blade tip (Y = −0.5D, Z = 0, see Figure 5 ), while the other position m was placed at different locations along the same horizontal line from one side to the other side of the blade tip. Measurements were made at different values of X/D ranging from 0 to 4 within which the changes in wake characteristics were more significant. As shown in Figure 8 , the correlation curves in all cases dropped almost monotonically with the increasing separation between the two points. In the turbine wake, the correlation coefficients became lower than that in the freestream flow, especially at small separation distances. Near the turbine (X/D = 1), it was observed that the faster the turbine rotation, the smaller the correlation coefficient became, as explained above. With the increase in X/D, this phenomenon gradually disappears. Among the three cases, the decreasing range of the correlation coefficient was the maximum for λ = 3.5, while the recovery for this case was also the fastest. In addition, at the other side of the reference position, small negative correlation coefficients may occur (e.g., X = 3, 4D and Y = 0.1~0.5D). The negative correlation implies that wind velocity fluctuations at the two positions were out of phase, and this may be due to the three-blade geometry and the strong tip vortex when the turbine rotational speed was large enough. 
Wake Effects on a Downstream HAWT
After understanding the performance and the wake characteristics of a single HAWT, two HAWTs in a tandem arrangement (see Figure 1b) were taken as examples to study how the wake of a turbine affects the performance of another. The two HAWTs had the same parameters, as shown in Section 2.1. The location of the upstream turbine was fixed at x = 0, while the downstream turbine was located at different downstream locations so as to achieve varying separation distance L. Their root pitch angles were named and , respectively. Three root pitch angles, i.e., 7.5°, 15°, and 22.5°, were used in the wind tunnel tests.
was first set equal to . Compared with the output power of a single turbine with the same pitch angle, the percentage change in power generation ∆ of both the two turbines are shown in Figure 9 (see solid points connected by dashed lines). Due to the aerodynamic interference between the two turbines in tandem arrangement, their output powers both decreased when compared with a single isolated turbine, especially for the downstream turbine. The aerodynamic interference became weaker with the increase in L/D, so the output powers recovered gradually. No matter how fast the downstream turbine rotates, the effect on the performance of the upstream one is limited, for its output power loss is very small and can almost be ignored when L/D is larger than 2. For the downstream turbine, however, the output power may drop a lot as it is located in the wake of the upstream one. Apparently, this power loss largely depends on . The faster the rotational speed of the upstream turbine is, the smaller the output power of the downstream turbine becomes. For = 7.5°, the output power loss of the downstream turbine exceeded 60% when L/D was 1 or 2, and was still up to about 20% even when L/D increased to 12. With the increasing , the rotational speed of the upstream turbine decreased, so its wake had less adverse effects on the downstream turbine's performance. For = 22.5°, the range of the output power loss of the downstream turbine decreased to about 10% and remained stable within the range of L/D from 1 to 10.
was then changed to the other two values not equal to . The resulting changes in ∆ for these two cases are also shown in Figure 9 in the form of an "error" bar. Once was fixed, ∆ of the downstream turbine at a given location fluctuated within a small range with the change in its own pitch angle, i.e., . In summary, the downstream turbine's performance was mainly determined by the wake characteristics of the upstream one, which were associated with its pitch angle, while adjusting the pitch angle of the downstream wind turbine itself could not help much to mitigate the loss in power generation. 
After understanding the performance and the wake characteristics of a single HAWT, two HAWTs in a tandem arrangement (see Figure 1b) were taken as examples to study how the wake of a turbine affects the performance of another. The two HAWTs had the same parameters, as shown in Section 2.1. The location of the upstream turbine was fixed at x = 0, while the downstream turbine was located at different downstream locations so as to achieve varying separation distance L. Their root pitch angles were named β up and β down , respectively. Three root pitch angles, i.e., 7.5 • , 15 • , and 22.5 • , were used in the wind tunnel tests.
β down was first set equal to β up . Compared with the output power of a single turbine with the same pitch angle, the percentage change in power generation ∆P of both the two turbines are shown in Figure 9 (see solid points connected by dashed lines). Due to the aerodynamic interference between the two turbines in tandem arrangement, their output powers both decreased when compared with a single isolated turbine, especially for the downstream turbine. The aerodynamic interference became weaker with the increase in L/D, so the output powers recovered gradually. No matter how fast the downstream turbine rotates, the effect on the performance of the upstream one is limited, for its output power loss is very small and can almost be ignored when L/D is larger than 2. For the downstream turbine, however, the output power may drop a lot as it is located in the wake of the upstream one. Apparently, this power loss largely depends on β up . The faster the rotational speed of the upstream turbine is, the smaller the output power of the downstream turbine becomes. For β up = 7.5 • , the output power loss of the downstream turbine exceeded 60% when L/D was 1 or 2, and was still up to about 20% even when L/D increased to 12. With the increasing β up , the rotational speed of the upstream turbine decreased, so its wake had less adverse effects on the downstream turbine's performance. For β up = 22.5 • , the range of the output power loss of the downstream turbine decreased to about 10% and remained stable within the range of L/D from 1 to 10. β down was then changed to the other two values not equal to β up . The resulting changes in ∆P for these two cases are also shown in Figure 9 in the form of an "error" bar. Once β up was fixed, ∆P of the downstream turbine at a given location fluctuated within a small range with the change in its own pitch angle, i.e., β down .
In summary, the downstream turbine's performance was mainly determined by the wake characteristics of the upstream one, which were associated with its pitch angle, while adjusting the pitch angle of the downstream wind turbine itself could not help much to mitigate the loss in power generation. As discussed in Section 3, a turbine captures energy from the incoming flow and the rotating turbine blades generate a turbulent wake behind the turbine with lower wind velocities, smaller correlation, and larger turbulence intensities, as compared to the undisturbed incoming flow. However, the question remains as to how these factors affect the downstream turbine performance, and which one is the major factor governing the downstream turbine performance?
To address this question, the upstream and the downstream turbines with the same root pitch angle of 7.5° were taken as examples, and the percentage changes in power generation (∆ ) of the downstream turbine at different separation L/D are listed in Table 3 . The turbulent wake generated by the upstream wind turbine was mainly described in terms of the mean wind velocity, the turbulence intensity, and the total correlation coefficient. The three parameters were averaged over the blade swept area, and their differences with the corresponding parameters in the undistributed flow were computed and are listed in Table 3 as ∆ , ∆ ̅ , and ∆ ̅ , respectively. To study their effects separately, the performance of a single wind turbine was tested under the flow conditions simulating the turbulent wake characteristics based on the parameter values in Table 3 .
The single turbine was fixed at the same position as that in Section 3, but the inflow condition was changed. To test the effect due to the reduced wind velocities approaching the downstream turbine in the two-turbine situation, uniform incoming flow was simulated in the wind tunnel with wind speed reduced from = 4.4 m/s in the earlier tests. The decrease in wind velocity is given in the third column of ∆ in Table 3 . The output turbine power was then tested, and the resulting percentage changes are shown by ∆ in Table 3 . To test the effect of increased turbulence intensities, turbulent incoming flow was simulated in the wind tunnel, which was achieved by adding floor roughness elements in the wind tunnel, as shown in Figure 10 . The increase in turbulence intensity is given in the fifth column in Table 3 . The output power was tested, and the As discussed in Section 3, a turbine captures energy from the incoming flow and the rotating turbine blades generate a turbulent wake behind the turbine with lower wind velocities, smaller correlation, and larger turbulence intensities, as compared to the undisturbed incoming flow. However, the question remains as to how these factors affect the downstream turbine performance, and which one is the major factor governing the downstream turbine performance?
To address this question, the upstream and the downstream turbines with the same root pitch angle of 7.5 • were taken as examples, and the percentage changes in power generation (∆P) of the downstream turbine at different separation L/D are listed in Table 3 . The turbulent wake generated by the upstream wind turbine was mainly described in terms of the mean wind velocity, the turbulence intensity, and the total correlation coefficient. The three parameters were averaged over the blade swept area, and their differences with the corresponding parameters in the undistributed flow were computed and are listed in Table 3 as ∆U, ∆I x , and ∆ρ A , respectively. To study their effects separately, the performance of a single wind turbine was tested under the flow conditions simulating the turbulent wake characteristics based on the parameter values in Table 3 .
The single turbine was fixed at the same position as that in Section 3, but the inflow condition was changed. To test the effect due to the reduced wind velocities approaching the downstream turbine in the two-turbine situation, uniform incoming flow was simulated in the wind tunnel with wind speed reduced from U 0 = 4.4 m/s in the earlier tests. The decrease in wind velocity is given in the third column of ∆U in Table 3 . The output turbine power was then tested, and the resulting percentage changes are shown by ∆P 1 in Table 3 . To test the effect of increased turbulence intensities, turbulent incoming flow was simulated in the wind tunnel, which was achieved by adding floor roughness elements in the wind tunnel, as shown in Figure 10 . The increase in turbulence intensity is given in the fifth column in Table 3 . The output power was tested, and the resulting percentage changes are shown by ∆P 2 in Table 3 . To analyze the effect of altered spatial velocity correlation, which, however, is difficult to test separately, the corresponding percentage power change ∆P 3 was estimated by ∆P − ∆P 1 − ∆P 2 . In summary, ∆P 1 and ∆P 2 represent the output power losses directly measured at corresponding mean wind velocities and turbulence intensities, while ∆P 3 indirectly represents the effect of the wake correlation. resulting percentage changes are shown by ∆ in Table 3 . To analyze the effect of altered spatial velocity correlation, which, however, is difficult to test separately, the corresponding percentage power change ∆ was estimated by ∆ − ∆ − ∆ . In summary, ∆ and ∆ represent the output power losses directly measured at corresponding mean wind velocities and turbulence intensities, while ∆ indirectly represents the effect of the wake correlation. Table 3 suggests that either a lower wind velocity or a higher turbulence intensity in the incoming flow leads to smaller power generation. For the downstream turbine among two turbines in tandem, the changes in wind velocity and turbulence intensity are brought about by the wake of the upstream turbine. The decrease in power generation in ∆ , caused by the lower wind velocity, is obviously larger than that in ∆ , caused by the higher turbulence intensity. Higher turbulence intensities are expected to make the rotational speed of the turbine less stable, but this effect on the power generation is relatively small. Compared with the higher turbulence intensity, the reduced mean wind velocity is a much more dominant factor leading to the power loss of the downstream wind turbine. Particularly, the single wind turbine under uniform inflow with the simulated velocity corresponding to the case of ∆ = −58% could not even start to rotate, so ∆ was given a value of −100%. One possible reason for this phenomenon is that the rotation of a turbine is more sensitive to the flow characteristics near the tip than that near the hub. The wake generated by the upstream turbine is non-uniform, so that the outer ring close to blade tip has higher velocities than the inner ring close to hub. Although ∆ and ∆ are obtained under the same mean wind speed within the blade swept area, the rotational speed of the turbine in the two-turbine test was higher than the single turbine case due to the non-uniform wake flow, and hence, the decrease in power generation was lower. On the other hand, the phenomenon also indicates that the effects of wake may be beneficial to rotating the turbine, especially at relatively low wind speeds. This viewpoint can also be verified by other cases. As the decrease in power generation due to the ∆ and ∆ was much greater than that in ∆ , there may be some beneficial factors in having the turbine being located in the turbulent wake of an upstream one. Table 3 suggests that either a lower wind velocity or a higher turbulence intensity in the incoming flow leads to smaller power generation. For the downstream turbine among two turbines in tandem, the changes in wind velocity and turbulence intensity are brought about by the wake of the upstream turbine. The decrease in power generation in ∆P 1 , caused by the lower wind velocity, is obviously larger than that in ∆P 2 , caused by the higher turbulence intensity. Higher turbulence intensities are expected to make the rotational speed of the turbine less stable, but this effect on the power generation is relatively small. Compared with the higher turbulence intensity, the reduced mean wind velocity is a much more dominant factor leading to the power loss of the downstream wind turbine. Particularly, the single wind turbine under uniform inflow with the simulated velocity corresponding to the case of ∆U = −58% could not even start to rotate, so ∆P 1 was given a value of −100%. One possible reason for this phenomenon is that the rotation of a turbine is more sensitive to the flow characteristics near the tip than that near the hub. The wake generated by the upstream turbine is non-uniform, so that the outer ring close to blade tip has higher velocities than the inner ring close to hub. Although ∆P 1 and ∆P are obtained under the same mean wind speed within the blade swept area, the rotational speed of the turbine in the two-turbine test was higher than the single turbine case due to the non-uniform wake flow, and hence, the decrease in power generation was lower. On the other hand, the phenomenon also indicates that the effects of wake may be beneficial to rotating the turbine, especially at relatively low wind speeds. This viewpoint can also be verified by other cases. As the decrease in power generation due to the ∆P 1 and ∆P 2 was much greater than that in ∆P, there may be some beneficial factors in having the turbine being located in the turbulent wake of an upstream one.
The wake correlation appears to be a beneficial factor governing the performance of the wind turbine. According to the values among ∆P, ∆P 1 , and ∆P 2 , it is estimated that ∆P 3 has a positive value. In other words, the change in wake correlation may be favorable to the performance of the downstream turbine. The previous section mainly focuses on the change in ρ A which represents the correlation of the streamwise velocities within the blade swept area to its center. This correlation decreases obviously in the wake, but relatively, the decrease in ρ A may imply the increase in correlation at other directions such as the tangential and radial velocities. As discussed in Section 3, owing to the three-blade geometry and the strong tip vortices, anti-correlation could be observed between the two opposite sides of the blade swept area, which acts to decrease ρ A . To better illustrate this, the wake characteristics in the single turbine with different β (see Section 3) were focused again, and the time-averaged mean tangential velocities along the radial lines from the hub axis to the top, right, bottom, and left of the blade swept area are shown in Figure 11 . The values of the mean tangential velocity averaged over the four paths and the corresponding directions are also given in the figure. The wake correlation appears to be a beneficial factor governing the performance of the wind turbine. According to the values among ∆ , ∆ , and ∆ , it is estimated that ∆ has a positive value. In other words, the change in wake correlation may be favorable to the performance of the downstream turbine. The previous section mainly focuses on the change in ̅ which represents the correlation of the streamwise velocities within the blade swept area to its center. This correlation decreases obviously in the wake, but relatively, the decrease in ̅ may imply the increase in correlation at other directions such as the tangential and radial velocities. As discussed in Section 3, owing to the three-blade geometry and the strong tip vortices, anti-correlation could be observed between the two opposite sides of the blade swept area, which acts to decrease ̅ . To better illustrate this, the wake characteristics in the single turbine with different (see Section 3) were focused again, and the time-averaged mean tangential velocities along the radial lines from the hub axis to the top, right, bottom, and left of the blade swept area are shown in Figure 11 . The values of the mean tangential velocity averaged over the four paths and the corresponding directions are also given in the figure. The approaching flow at X/D = 0 in the wind tunnel did not go perfectly in the axial direction and there were inevitably some velocity values in the other two directions. As measured with the cobra probe, the values of the mean tangential velocities averaged over the top path and the bottom path were 0.54 m/s and 0.49 m/s with the same direction, i.e., rightward. Similarly, the values of the mean tangential velocities averaged over the left path and the right path were 0.15 m/s and 0.08 m/s with the same direction as well, i.e., downward. In this situation, if a turbine is placed, the incoming flow will have opposite effects on a blade when it passes through the top and bottom positions, or the left and right positions.
When the incoming flow is disturbed by an upstream wind turbine, however, the tangential velocities along the four paths obviously change. Due to the fluid rotation in the turbine wake, the tangential velocities at one side, such as the top and the right paths, could be increased from the undisturbed case, while the values at the other side, such as the bottom and the left paths, could be decreased. About the hub axis, the velocity differs between the top and the bottom paths to form a clockwise effect, and so do the right and the left paths. This difference was affected by and decreased with the increase in X/D. Thus, the rotation of the downstream wind turbine will be enhanced due to the sustained clockwise effect that the aerodynamic forces acting on the three blades are now more in phase. In summary, the decrease in ̅ was accompanied with the increase in correlation of the tangential velocities within the blade area, which was favorable to the downstream turbine's performance. However, the effect from this wake correlation was expected to The approaching flow at X/D = 0 in the wind tunnel did not go perfectly in the axial direction and there were inevitably some velocity values in the other two directions. As measured with the cobra probe, the values of the mean tangential velocities averaged over the top path and the bottom path were 0.54 m/s and 0.49 m/s with the same direction, i.e., rightward. Similarly, the values of the mean tangential velocities averaged over the left path and the right path were 0.15 m/s and 0.08 m/s with the same direction as well, i.e., downward. In this situation, if a turbine is placed, the incoming flow will have opposite effects on a blade when it passes through the top and bottom positions, or the left and right positions.
When the incoming flow is disturbed by an upstream wind turbine, however, the tangential velocities along the four paths obviously change. Due to the fluid rotation in the turbine wake, the tangential velocities at one side, such as the top and the right paths, could be increased from the undisturbed case, while the values at the other side, such as the bottom and the left paths, could be decreased. About the hub axis, the velocity differs between the top and the bottom paths to form a clockwise effect, and so do the right and the left paths. This difference was affected by β and decreased with the increase in X/D. Thus, the rotation of the downstream wind turbine will be enhanced due to the sustained clockwise effect that the aerodynamic forces acting on the three blades are now more in phase. In summary, the decrease in ρ A was accompanied with the increase in correlation of the tangential velocities within the blade area, which was favorable to the downstream turbine's performance. However, the effect from this wake correlation was expected to be much weaker than that due to the reduced wind velocities. The values of ∆P 3 in Table 3 are far from realistic.
Conclusions
In this study, the wake characteristics of a three-blade horizontal axis wind turbine model at different TSRs were measured and analyzed. The effect of the turbine wake on the performance of a downstream turbine was also studied using wind tunnel tests. The main conclusions of this study are summarized as follows:
(1) At a fixed velocity of incoming flow, the rotational speed of the wind turbine decreased with the increase in blade pitch angle, especially when the pitch angle was between 7.5 • and 22.5 • . This led to a reduction of the power coefficient. With the increase in velocity of incoming flow, the rotational speed of the wind turbine increased stably but the power coefficient first increased to a peak value and then decreased again. (2) After passing through the wind turbine, the velocity of incoming flow decreased but the turbulence intensity increased significantly. These wake effects were strong within the blade swept area and decreased progressively from the hub center to the blade tip. A small pitch angle provided smaller disturbance to the flow, but the blades turned faster, leading to larger changes in the wind velocity and turbulence intensity due to the more frequent passage of the turbine blades. Compared with the region above the hub axis, the wake characteristics below the hub axis were more difficult to recover due to the presence of the ground surface and disruption of the flow from the supporting pole. (3) The turbine captured energy from the incoming flow and disturbed it, changing the correlation of the wake flow. Around the hub axis, the wake correlation decreased significantly from the freestream case, but this effect could be slightly weakened by the rotation of the turbine. The faster the rotational speed of the turbine was, the more this decreased correlation coefficient recovered. Overall, the decreased correlation within the blade swept area gradually recovered to the freestream values increased at increasing downstream locations. Moreover, an anti-correlated region can be observed at the two lateral sides of the turbine blade swept area. (4) Due to the aerodynamic interference between the two turbines in the tandem arrangement, their output powers both decreased when compared with a single isolated turbine, especially for the downstream one. The interference became weaker with the increase in their separation distance, so the output powers recovered gradually. As the performance of the downstream turbine was mainly determined by the wake of the upstream one, the output power of the downstream turbine decreased with the increase in rotational speed of the upstream turbine, but was less related to its own pitch angle. In the wake of the upstream turbine, the reduced mean wind velocity was the most dominant factor in determining the loss of power generation of the downstream turbine. Although higher turbulence intensities make the rotational speed of the turbine less stable, the unfavourable effect was limited. The wake correlation was another important factor governing the performance of the downstream turbine. The decrease in the correlation of the streamwise velocity within the blade swept area was accompanied with the increased correlation of the tangential velocity, which may be favorable to the downstream turbine performance. (5) This paper mainly focused on the wake characteristics of the wind turbine whose performance was evaluated based on its power generation only, while the changes in thrust force and power quality should be further investigated. Meanwhile, the Reynolds number in the present wind tunnel experiments was much smaller than those in most commercial wind turbine installations. Although previous studies have shown that the primary wake characteristics behind a turbine can be reproduced at relatively low Reynolds numbers, the Reynolds number effect on the results should be further studied by numerical simulations or field experiments.
